Polymorphisms in APOL1 are associated with CKD, including HIV-related CKD, in individuals of African ancestry. The apolipoprotein L1 (APOL1) protein circulates and is localized in kidney cells, but the contribution of APOL1 location to CKD pathogenesis is unclear. We examined associations of plasma APOL1 levels with plasma cytokine levels, dyslipidemia, and APOL1 genotype in a nested case-control study (n=270) of HIV-infected African Americans enrolled in a multicenter prospective observational study. Patients were designated as having CKD when estimated GFR (eGFR) decreased to ,60 ml/min per 1.73 m 2 (eGFR,60 cohort) or protein-to-creatinine ratios became .3.5 g/g (nephrotic proteinuria cohort).
Nondiabetic CKD in individuals of African ancestry have been linked to polymorphisms in the gene for apolipoprotein L1 (APOL1), [1] [2] [3] [4] [5] a protein component of HDL particles with a known function in the immune clearance of Trypanosoma brucei infections. 6 CKD is associated with two coding variants of the APOL1 gene known as G1 and G2, both of higher allele frequency in African and African descendent populations compared with white populations where they are almost absent. Evidence suggests that the prevalence of the G1 and G2 variants may have increased in African populations because of a selective advantage from their ability to kill a broader range of Trypanosoma species. 1, 2, 7 Individuals carrying at least one G1 or G2 allele have additional protection from trypanosomiasis; however, individuals with two G1 or G2 alleles are at increased risk for nondiabetic CKD. 2, 4, 5 The pathogenic mechanisms responsible for CKD associated with APOL1 risk variants are unknown. We recently showed that, in addition to being secreted and circulated in the blood, 8 APOL1 is localized in podocytes, proximal tubular epithelial cells, and small-artery endothelium in normal kidney. 9 Thus, the contribution of circulating versus kidney-localized variant APOL1s to CKD pathogenesis is unknown. In kidney transplantation, two studies suggest that graft loss is associated with the APOL1 genotype of the allograft, not the recipient. 10, 11 However, the association of APOL1 plasma levels with CKD phenotypes or APOL1 genotype has not been studied.
To address these issues, we examined circulating APOL1 levels with APOL1 genotype and renal function in HIV-infected African Americans in the AIDS Clinical Trials Group (ACTG) Longitudinal Linked Randomized Trials (ALLRT) cohort because the occurrence of HIV-associated nephropathy (HIVAN) and renal outcomes in HIV-infected patients are strongly associated with APOL1 risk alleles. [12] [13] [14] In addition, we examined the relationship between circulating APOL1 levels and proinflammatory cytokines known to induce APOL1 expression and previously associated with CKD and HIV/AIDS progression. 15, 16 Additional analyses examined associations of APOL1 levels with dyslipidemia and the role of APOL1 genotype on CKD progression using longitudinal data.
RESULTS

Study Population
Established in 2000, ALLRT is a multicenter, observational cohort study that coenrolled participants from ongoing ACTG randomized clinical trials of antiretroviral therapy or other treatment strategies for longitudinal follow-up. 17, 18 Serum creatinine concentrations were measured every 16 weeks for estimated GFRs (eGFRs), and protein-to-creatinine (UP/Cr) ratios were determined on random urine samples every 48 weeks. However, renal biopsies were not performed in ALLRT. CKD cases were selected from self-identified African Americans (Table 1) using two criteria: eGFR,60 ml/min per 1.73 m 2 or nephrotic-range proteinuria (UP/Cr . 3.5 g/g). Only one patient fulfilled both CKD criteria and was included in the eGFR,60 cohort. Control African American participants had eGFR$60 ml/min per 1.73 m 2 and normal protein excretion throughout follow-up (see Concise Methods for details and control matching criteria). (Table 2) did not deviate from Hardy-Weinberg equilibrium (P.0.05). Cases in the eGFR,60 cohort had higher G1 and G2 risk allele frequencies than their control group. However, APOL1 risk alleles in this cohort were less prevalent in cases than previously reported for patients with biopsy-proven HIVAN 13, 19 but were similar to allele frequencies reported in an HIV-infected CKD cohort that excluded patients with HIVAN (Supplemental Table 1 ). 12 G1 and G2 allele frequencies among cases and controls in the nephrotic proteinuria cohort were similar to each other and to published estimates from African American control populations. 2, 13, 20, 21 Exclusion of diabetic patients (n=27) from the analysis did not substantively change APOL1 allele frequencies (Supplemental Table 2 ). At ascertainment, APOL1 risk variants significantly associated with CKD in adjusted analyses comparing cases in the eGFR,60 cohort to their control group (Table 3 ). An additive pattern of inheritance best accounted for the association (P=0.01 for partial F-test comparing additive versus recessive inheritance patterns). Individuals with one and two APOL1 risk variant (G1 or G2) had increased odds for eGFR,60 (odds ratio, 2.8 and 6.2, respectively) compared with patients with no risk variants. APOL1 risk variants were not associated with cases in the nephrotic proteinuria cohort under any pattern of inheritance. Of note, these individuals with nephrotic proteinuria had preserved eGFRs (median eGFR, 100.7 ml/min per 
APOL1 Levels and CKD Phenotypes
Plasma APOL1 protein levels were quantified from samples obtained at the ALLRTstudy visit when patients were classified as a case or control (baseline). Circulating APOL1 protein levels ranged from 386 to 15,743 ng/ml and were similar to previously reported levels in normolipidemic patients. 22, 23 APOL1 plasma levels did not correlate with eGFR ( Figure 1A ) or proteinuria ( Figure 1B) in cases or controls. When we examined the eGFR,60 cohort alone, we found a trend toward higher APOL1 plasma levels in cases (median, 3953 ng/ml in cases versus 3241ng/ml in controls, P=0.07), but plasma APOL1 levels did not correlate with eGFR in cases or controls (r=20.01 [P=0.91] for cases and r=20.10 [P=0.19] for controls). In the nephrotic proteinuria cohort, APOL1 levels were significantly higher in cases than controls (median, 4308 ng/ml in cases versus 2984 ng/ml in controls, P,0.001). However, APOL1 plasma levels also did not correlate with proteinuria among cases or controls in this cohort (r=20.02 [P=0.81] for cases and r=0.06 [P=0.46] for controls).
APOL1 levels also did not differ significantly according to the number of APOL1 risk alleles in cases or controls (Figure 2 , Supplemental Table 3 ). When eGFR,60 and nephrotic proteinuria cohorts were analyzed separately (data not shown), again no significant association was seen between APOL1 level and the number of risk alleles and no significant interaction was seen between APOL1 levels and the number of APOL1 risk alleles in conditional logistic regression models (P=0.64 and P=0.45 for the interaction term for eGFR,60 and nephrotic proteinuria cohorts, respectively). Thus, APOL1 plasma levels were not associated with APOL1 risk variant status and did not correlate with CKD phenotypes.
APOL1 Levels and Dyslipidemia
In both CKD cohorts, cases had suboptimal lipid profiles compared with controls (Table 1) . Cases in the eGFR,60 and nephrotic proteinuria cohorts had significantly higher median fasting triglyceride levels compared with controls, and median 43 (49) 34 (39) 11 (12) 0.68 0.22 0.10 a G0 is the common allele not associated with CKD and corresponds to reference sequence NP_003652 (G1 refers to two nonsynonymous single nucleotide polymorphisms rs73885319 and rs60910145, and G2 refers to a six base pair in-frame deletion rs71785313). b Numbers are different from those in Table 1 because genotyping was not possible in eight participants; see Concise Methods. fasting total cholesterol levels also were significantly higher in the eGFR,60 cohort. Plasma APOL1 levels weakly correlated with fasting cholesterol, fasting triglycerides, and fasting LDL cholesterol, but APOL1 levels did not correlate with fasting HDL cholesterol levels (Table 4) . This is consistent with prior studies that found cholesterol, LDL cholesterol, and triglyceride levels to be independently associated with APOL1 levels, with triglycerides the strongest correlate of APOL1 level in dyslipidemic patients. 22, 24 We found no correlation between APOL1 genotype and levels of any lipid class (data not shown); however, the available lipid data did not include quantification of HDL subfractions. A prior report has demonstrated an inverse correlation between the number of APOL1 risk alleles and medium-size HDL particle concentration. 25 
APOL1 Levels and Inflammatory Cytokines
To determine whether APOL1 plasma levels were associated with an inflammatory process, we quantified several proinflammatory cytokines that have been previously associated with poorer outcomes in HIV-1 infection 15, 26, 27 or CKD progression. 16 At the point when cases and controls were defined (baseline), cases in both the eGFR,60 and nephrotic proteinuria cohorts had significantly higher levels of soluble TNF receptor (sTNFR)1, sTNFR2, IL-6, chemokine (C-C motif) ligand (CCL)2, and b 2 -microglobulin compared with controls; in the nephrotic proteinuria cohort, CCL5 and IFN-a were also higher, but not C-reactive protein levels (Supplemental Figure 1 ). Cytokine levels, however, did not correlate with APOL1 levels (sTNFR2 is shown as a representative cytokine in Figure 3 ; all other cytokine correlations are in Table  4 ). Additionally, cytokine levels did not differ significantly according to the number of APOL1 risk variants in cases or controls (Supplemental Table 3 ).
APOL1 Risk Variants and CKD Phenotypes: Multivariable Models
Multivariable conditional logistic regression models tested associations between APOL1 risk alleles and CKD after adjusting for risk factors associated with CKD (including hypertension, hepatitis C virus (HCV) infection status, and tenofovir treatment) in the eGFR,60 cohort (model 1; Figure 4A , Supplemental Table 4 ) or nephrotic range proteinuria cohort (model 1; Figure 4B , Supplemental Table 5 ). In addition to these CKD risk factors, model 2 also included cytokine levels as described in the Concise Methods. CKD cases and controls were matched for HIV viral loads and CD4 counts so these variables formed matched sets for the model and did not yield risk estimates. In the eGFR,60 cohort, the association of CKD with one and two APOL1 risk alleles remained significant after adjustment for other risk factors, and the effect size (odds ratios) for CKD was greater for two risk variants compared with one risk variant. However, APOL1 risk alleles were not associated with CKD in patients with nephrotic proteinuria. In addition to APOL1 risk variant status, hypertension, hepatitis C virus infection, and tenofovir exposure were Table 3 .
independently associated in model 1 with the eGFR,60 cases compared with the controls. However, after adjustment for cytokine levels, HCV infection status and tenofovir exposure were no longer significantly associated with an eGFR,60 ml/ min per 1.73 m 2 . In model 1, hypertension and HCV also were significantly associated with nephrotic-range proteinuria. As expected, diabetes was associated with nephrotic proteinuria, but the sample size was small (present in nine cases and one control; P=0.001 by Fisher exact test).
Increased plasma levels of sTNFR1, sTNFR2, and CCL2 were each associated with significantly higher odds ratios for cases in both the eGFR,60 and nephrotic proteinuria cohorts versus controls in both univariate and multivariable model 2 analyses (Supplemental Tables 4 and 5 ). Because cases and controls were matched on viral load and CD4 count, the association of CKD with cytokine levels is probably not related to differences in the control of plasma HIV-RNA by antiretroviral therapy. This suggests there were significant contributions by cytokines to increased CKD risk in HIV-1 infection that was independent of contributions by APOL1 risk genotype status and other CKD risk factors.
Longitudinal Analysis of Kidney Function
Rates of eGFR decline were analyzed in patients with no, one, or two APOL1 risk alleles in a combined CKD cohort (including patients with both case definitions; Figure 5A ) or with the eGFR,60 and nephrotic proteinuria cohorts analyzed separately (Supplemental Figure 2 , A and C). In both the individual and combined cohort analyses, cases with two APOL1 risk variants had a significantly faster rate of eGFR decline than did cases with no APOL1 risk alleles in adjusted longitudinal models. In the combined CKD cohort analysis, cases with one APOL1 risk variant had a trend toward more rapid eGFR decline compared with cases with no risk variants (P=0.10) ( Figure 5A ). The eGFR slopes did not significantly differ according to APOL1 risk alleles among controls from either CKD cohort because this was a control selection criterion.
Proteinuria declined substantially and significantly in the combined CKD cohort ( Figure 5B ) and in patients with nephrotic-range proteinuria (Supplemental Figure 2D ), but APOL1 risk allele status was not associated with this change. However, this analysis is limited by missing proteinuria data at some time points subsequent to the baseline visit. In patients with eGFR,60 ml/min (Supplemental Figure 2B) , proteinuria did not change significantly over time.
DISCUSSION
The primary objective of our study was to ascertain whether APOL1 circulating levels were associated with CKD phenotypes in HIV-infected patients. Our results provided several novel observations regarding APOL1 circulating levels but did not reveal an obvious link with CKD. First, there was no association between APOL1 plasma levels and APOL1 genotype, indicating the changes in the APOL1 protein caused by the G1 and G2 polymorphisms did not alter their production or secretion into the circulation. Second, APOL1 plasma levels did not correlate with eGFR or proteinuria. Thus, circulating APOL1 protein levels do not appear to directly contribute to CKD. However, our study does not exclude a causal role for circulating APOL1 proteins in CKD due to functional changes caused by the G1 and G2 polymorphisms. APOL1 G1 and G2 Figure 3 . APOL1 plasma levels did not correlate with sTNFR2 levels. Scatter plot of APOL1 plasma levels relative to sTNFR2 levels in all cases and controls. See Table 4 for correlations with other cytokines. Linear regression trend lines are shown; Pearson correlation coefficients (r) and P values are presented in key.
proteins differ from G0 in their ability to bind the trypanosome serum response associated protein and kill trypanosomes. 2 Consequently, the potential for the G1 and G2 variants, either from the circulation or expressed in renal cells, to affect additional biologic functions of APOL1 seems likely. APOL1 plasma levels also did not correlate with the level of the inflammatory cytokines examined. This observation was unexpected because several prior studies have shown APOL1 expression is inducible in endothelial cells in vitro by TNF, IFN-a, and IFN-g. 9, 23, [28] [29] [30] APOL1 is a component of a subfraction of HDL particles, 8 but the source of circulating APOL1 remains unknown. Numerous tissues express APOL1, and a prior study suggests the vascular endothelium is the primary source of circulating APOL1; 29 however, the HDL particles that contain APOL1 are produced by the liver. In our study, sTNFR1 and sTNFR2 (markers of TNF synthesis) and IFN-a levels did not correlate with plasma APOL1 levels, suggesting that the major source of circulating APOL1 was not induced by these cytokines.
An additional unexpected finding was a lower than anticipated risk allele frequency. The intent of our study design was to examine a population with a high APOL1 risk allele frequency, such as seen in HIVAN. 13, 19 The ALLRT cohort is representative of the population living with HIV who are receiving care in the United States, 31 and most participants in our study achieved excellent viral suppression. Because HIVAN is effectively prevented or treated with antiretroviral therapy, 32 CKD in our cohort was probably not HIVAN. In the absence of biopsies, we can only speculate on the causes of CKD in the ALLRT cohort. Aside from HIVAN, other frequent CKDs seen in the setting of HIV infection include FSGS, hypertensive nephrosclerosis (both also associated with APOL1 risk alleles), drug toxicities, diabetic nephropathy, and various immune-mediated nephropathies, some attributable to hepatitis B virus or HCV coinfection. [33] [34] [35] [36] In our nephrotic proteinuria cohort, diabetes and HCV infection were more prevalent and significant risk factors for CKD, but CKD in this group was not associated with APOL1 risk alleles. However, APOL1 risk alleles were a significant risk factor for CKD in the eGFR,60 cohort, in which .70% of the patients were hypertensive. This cohort appears phenotypically similar to patients in the African American Study of Kidney Disease and Hypertension trial in which APOL1 risk alleles associated with a hypertension-related CKD without heavy proteinuria. 37 Even in the absence of biopsy-proven diagnoses, our results corroborated several prior studies emphasizing the significant contributions of non-HIV risk factors for CKD, especially in persons receiving antiretroviral therapy. [38] [39] [40] [41] Thus, we suspect the cause of CKD in the eGFR,60 cohort is not HIVAN but are other forms of APOL1-associated kidney disease, while the nephrotic proteinuria cohort does not represent APOL1-associated kidney disease. Regardless, APOL1 Figure 4 . APOL1 risk alleles associated with CKD in the eGFR,60 cohort but not the nephrotic range proteinuria cohort. Forest plots of risk factors for CKD. Odds ratios, 95% confidence intervals (95% CIs), and P values for the associations between CKD in the (A) eGFR,60 cohort and (B) nephrotic proteinuria cohort. The associations with APOL1 genotype and CKD is depicted in a univariate conditional logistic regression model (univariate), or with comorbid conditions and tenofovir exposure estimated from a single multivariable conditional logistic regression model that included each of these covariates (model 1). These covariates also were included in separate multivariable models that tested associations with the individual cytokines (model 2). Odds ratios for risk alleles shown in model 2 are for sTNFR2 (see Supplemental Table 4 for odds ratios with other cytokines). Only cytokines with significant associations are shown. The complete results of all univariate and multivariate analyses are presented in Supplemental Tables 4 and 5. *Because of the small number of patients with diabetes (n=9 cases and n=1 control), association was determined by Fisher exact test and diabetes was not included in the model. NS, not significant. levels did not correlate with either CKD phenotype, supporting our conclusion that circulating levels of APOL1 are not a mediator of injury in APOL1-associated CKD.
In addition, the association of APOL1 risk variants with CKD in our eGFR,60 cohort best fit an additive inheritance model. In prior publications, the recessive model best described the association of APOL1 risk variants and advanced CKD. However, several studies have suggested an association of a single-copy APOL1 risk variant in patients with both categorical and time-to-event renal phenotypes. 2, 13, 19, 42, 43 These prior studies support our observation that a single risk variant may contribute to disease pathogenesis, and a better understanding of CKD phenotypes or biologic mechanisms may clarify additive versus recessive effects. Ultimately, the biologic mechanism of APOL1-associated CKD is currently unknown and cannot be presumed on the basis of statistical genetic analyses; rather, it must be determined empirically.
Other significant CKD risk factors included several cytokines, most notably sTNFR1 and sTNFR2, which have been previously linked with HIVAN 44 and other CKDs. [45] [46] [47] [48] [49] [50] Although the cytokine levels were not associated with APOL1 genotype, several cytokines were independent risk factors for both CKD phenotypes. Although it is unclear how and why inflammatory cytokines are elevated in the setting of CKD, it is possible these cytokines may represent an additional pathogenic trigger that initiates or exacerbates CKD in individuals with APOL1 risk genotypes.
In the longitudinal analysis, progressive eGFR decline was significantly faster in cases with two versus no APOL1 risk variants and corroborates recent studies that found two APOL1 risk alleles predict CKD progression to ESRD. 12, 13, 21 Consistent with a previous ALLRT study in which proteinuria improved in a subset of patients with heavy proteinuria, 51 we also observed substantial improvements in proteinuria in patients with nephrotic-range proteinuria, but these improvements did not differ according to APOL1 risk variants. These observations also concur with a recent study that examined a cohort of HIV-infected patients with biopsy-proven disease that did not include HIVAN. 12 In this group, time to ESRD but not proteinuria was associated with two APOL1 risk variants. Alternatively, a recent report from the Women Interagency HIV Study found a significant association between two APOL1 risk alleles and proteinuria, 14 although the association was lost in patients with a history of AIDS.
In summary, circulating APOL1 levels were not associated with APOL1 genotype, inflammatory cytokine levels, eGFR , 60 ml/min per 1.73 m 2 or nephrotic-range proteinuria in HIVinfected African Americans. Although the absence of renal biopsies is a limitation of our study, it does reflect routine patient care, where a definitive tissue diagnosis is often unavailable to guide management decisions. These observations may provide a foundation to develop diagnostic criteria and less invasive methods to better identify which HIV-1-infected African Americans may be at risk for progression to renal failure. In addition, the absence of any clear association of APOL1 plasma levels with CKD suggests that the function of variant APOL1 protein-either from the circulation or synthesized by kidney cells-may be a more likely mediator of kidney disease pathogenesis. Identifying the normal functions of APOL1 in kidney cells and how risk variants change these functions will be valuable future studies.
CONCISE METHODS
Participants and Study Design
We used a 1:2 case-control study design to assess the relationship of APOL1 genotype and APOL1 plasma levels with CKD in HIV-infected self-reported African Americans (non-Hispanic black). CKD was defined by an eGFR,60 ml/min per 1.73 m 2 for at least 3 months using the Modification of Diet in Renal Disease equation or by nephrotic-range proteinuria with a UP/Cr .3.5 g/g on at least one measurement. For proteinuria cases, matching controls had a UP/Cr ,0.1 g/g at all time points and had no more than one eGFR measurement,60 ml/min per 1.73m 
APOL1 Genotyping
Archived DNA isolated from peripheral blood mononuclear cells was obtained from the ACTG repository. Genotypes were determined by direct sequencing of PCR-amplified DNA using a previously described method. 9 Of the 270 identified cases and controls, APOL1 genotype was not obtained in eight patients because DNA was not available (n=6), DNA did not amplify (n=1), and one participant withdrew consent. A Pearson chi-square test was used to determine whether APOL1 risk variants were in Hardy-Weinberg equilibrium.
APOL1 ELISA and Cytokine Analysis
Archived frozen plasma was obtained from the ACTG repository representing the time point when the patient presented to a followup clinic visit and the laboratory examination demonstrated an eGFR,60 ml/min per 1.73 m 2 or nephrotic proteinuria (baseline sample). APOL1 levels were quantified using a human specific sandwich ELISA (USCN Life Sciences, Inc., Houston, TX). Plasma was diluted 1:200 and assayed in duplicate according to the manufacturer's instructions. Plasma cytokine levels were assayed in duplicate using multiplexing kits and analyzer from Meso Scale Discovery (Sector Imager 2400; Gaithersburg, MD) according to the manufacturer's protocols and specifications. APOL1 and cytokine plasma levels were not obtained in two participants because plasma samples were not available at time of assay. All plasma assays were conducted at one of Case Western Reserve University's Clinical Laboratory Improvement Amendments-certified Clinical Research Units.
Statistical Analyses
Baseline differences between cases and controls were evaluated using conditional logistic regression; where these models did not converge, continuous variables were compared using the Wilcoxon rank-sum test and categorical variables were compared using the Fisher exact test. Spearman rank correlations examined associations between APOL1 levels and other continuous variables; because cases and controls were matched, these analyses were stratified by case or control status. The multivariable conditional logistic regression was the primary analysis of baseline associations; additional baseline correlations that were performed were not adjusted for multiple testing and the longitudinal analyses were exploratory. For the primary analysis conditional logistic regression models (which incorporated the matching factors CD4 count and HIV-1 RNA level) tested associations between APOL1 genotypes (as no, one, or two risk alleles) and each CKD phenotype, using a dominant (one or two versus no risk alleles), recessive (two versus no or one risk allele) or additive (one and two versus no risk alleles) model of inheritance for APOL1 genotypes. 52 A partial F-test was used to select between the models that detected significant associations with APOL1 genotypes. Multivariable models for each CKD outcome included APOL1 genotypes (always in the model) and additional risk factors or potential confounders, including HCV infection (defined as antibody positive or a hepatitis C diagnosis before case or control assignment), hypertension or diabetes status, fasting plasma total cholesterol at the time of case or control designation, and tenofovir exposure, defined by whether tenofovir was prescribed when patients were designated as a case or control, and tested interactions between APOL1 genotype and APOL1 plasma levels. Because age and sex are included in the Modification of Diet in Renal Disease equation, these variables were only included in longitudinal models of proteinuria. Covariates that were associated with the outcome at a significance of P,0.20 by univariate association were added in the order of highest to lowest significance, using the forward selection method, and they were retained in the final model if significant at P,0.10.
Additional multivariable models tested the independent contributions of proinflammatory cytokines (C-reactive protein, IL-6, sTNFR1, sTNFR2, b 2 -microglobulin, IFN-a, CCL2, and CCL5 as the average of duplicate measurements, all after log 10 transformation) by adding each cytokine level separately to the previously described multivariable model. To minimize contributions by outliers, cytokine averages that were above or below the 95th percentile for the study population were set to the upper and lower 95th percentile values, respectively. To facilitate comparisons between markers, each level was subtracted from the mean for the study population of that cytokine, and divided by its SD (Z-score).
Associations between APOL1 genotype and changes in eGFR or UP/Cr over time were examined using separate mixed-effects linear models among cases and controls that were adjusted for HCV infection; pharmacologically treated hypertension and diabetes; and time-varying CD4 cell counts, HIV-1 RNA concentrations, and fasting plasma total cholesterol concentrations. Age and sex were included in models of UP/Cr but not eGFR. These models assumed an autoregressive covariance structure and included random intercepts and random slopes. Variability of slopes was summarized by the interquartile range of the empirical Bayes estimates.
